Mutations in both the ELC and RLC cause a rare form of midcavity HCM (Poetter et al., 1996) . This variant morphology is characterized by hypertrophied papillary and adjacent ventricular muscle with little or no effect on the apex of the heart. Papillary muscles from transgenic mice expressing a patient's mutant ELC show a dramatic change in the stretch activation response long before they develop any observable hypertrophy (Vemuri et al., 1999) . Because the mutant ELC gene is uniformly distributed throughout the ventricles, the pattern of midventricular hypertrophy identifies the parts of the heart that most depend on the stretch activation response. When deprived of it, these parts develop a compensatory hypertrophy. The human mutations surrounding the site of RLC phosphorylation are associated with the same rare midcavity hypertrophy as hearts of patients and mice with the ELC mutation. In contrast to the rare event of a myosin light chain mutation, normal hearts produce a continuous turnover of RLC phosphorylation. Thus, modulation of stretch activation through RLC phosphorylation could have important consequences to normal cardiac physiology.
We now present evidence that the complex muscle mechanics of the beating heart are facilitated by a spatial gradient from high (epicardial) to low (endocardial) levels of phosphorylated myosin RLC that is matched by levels of a myosin light chain kinase (MLCK) we have cloned from human heart. Mechanical studies of single slow muscle fibers show that this spatial gradient of RLC phosphorylation will increase tension, decrease the stretch activation response of the epicardial fibers, and produce the converse effect in the endocardium. The different muscle mechanics across the ventricular wall support made, one against human (huRLCP) and another against murine (muRLCP) sequence. On Western blot, both antibodies detected only the phosphorylated human cardiac RLC. The specificity of these antibodies hold for tection by this antibody is reversed by treatment with a serine/threonine phosphatase, PP1 (Upstate), in both either the expressed RLC alone or the RLC/ELC complex, which is the human ventricular RLC and ELC bound fresh-frozen murine cardiac tissue samples and Western blot analysis of phosphorylated expressed human RLC to the human ␤-myosin heavy chain light chain binding region (aa 778-840) as seen in Figures 1A and 1C . By ( Figures 1B and 1C) . When used to stain a sample of normal human cardiac Western blot analysis, both antibodies detected a background of RLCP in either mouse or human heart that is ventricle, both huRLCP ( Figure 2A ) and muRLCP (data not shown) detect phosphorylated myosin thick filaincreased upon the addition of expressed myosin light chain kinase ( Figures 1A and 1C) . HuRLCP is specific ments. In order to study the global pattern of phosphorylated RLC across the heart, muRLCP was used to stain for human substrate, while muRLCP reacts with rabbit, murine, and human substrate ( Figures 1A and 1C) . Delongitudinal and transverse sections of normal murine Figure 3B , where they are normalized to their respective isometric tensions. Here, it is evident that the trough-to-peak excursion is proportionally greater in the RLC versus RLCP containing fibers (17% and 10% of normalized isometric tension, respectively). Relaxation kinetics studies that impose small step-stretches on these fibers have shown that the stretch activation response (Huxley-Simmons phase 3) is disproportionately increased in fibers without phosphorylated RLC (J.D. et al., submitted). Thus, in both large-and small-stretch studies, the increased tension produced by RLCP is associated with a reciprocal drop in the stretch activation response while the converse effect occurs in nonphosphorylated fibers. These mechanical differences, associated with the gradient of RLC phosphorylation across the ventricular wall, help explain how cardiac torsion is generated.
Cloning of the Human Skeletal Muscle Myosin Light Chain Kinase from Human Heart
In order to further study the gradient of RLC phosphorylation, we cloned an MLCK (MYLK2) from human heart.
Since the first report that cardiac myosin RLC is phosphorylated in vivo (Perrie et al., 1972), there has been an unsuccessful search for the active cardiac kinase(s).
Because cardiac ␤-myosin and its RLC is expressed in slow skeletal muscle fibers of rabbits and humans, the skeletal MLCK has been a candidate kinase. Despite this intuition, the existence of skeletal MLCK in the heart Most of the discordance is in the first 250 residues, cloned from human heart is expressed throughout skelebefore the start of the catalytic region. A P1 genomic tal muscle. (4) The stretch activation response was noted clone containing the full-length human gene was obin skeletal muscle before it was described in the heart. tained by PCR library screening (Genome Systems) usTherefore, in order to study the effect of RLC phosing an intron-based primer pair derived from the original phorylation on cardiac mechanics, we evaluated slow human cardiac RT-PCR fragment. The full-length carfibers from rabbit soleus muscle. Single skinned fibers diac MLCK cDNA sequence is embedded in the genomic were phosphorylated with expressed human skeletal/ P1 clone and all 12 intron-exon boundaries have been cardiac MLCK (see below). Each fiber was subjected to identified. The P1 clone has been mapped to chromolarge stretches (0.4%-0.8% muscle lengths) before and some 20q13.3. after RLC phosphorylation. Figure 3A shows the dramatic ‫-2ف‬fold increase in isometric tension caused by RLC phosphorylation. Consequently, the magnitude of The Study of the Skeletal/Cardiac MLCK Pattern of Distribution in Skeletal and Cardiac Tissue the tension increase caused by stretch and the ensuing tension transient is noticeably greater in the phosphoryIn order to study the distribution of the MLCK cloned from human heart, a polyclonal antibody to the entire lated RLC-containing fibers than in the nonphosphory- human protein was produced. The full-length cDNA en-( Figures 4B 3 and 4B 4 ) . Western blot analysis of tissue homogenates from mouse septum and apex are consiscoding the human MLCK protein, with a 5Ј-FLAG-tag sequence, was expressed in a baculoviral system (Phartent with the fluorescent studies ( Figure 4D) . A sample from apex and septum of a transplanted human heart, mingen). The FLAG-tag affinity purified protein was used to inoculate rabbits according to standard protocols.
frozen soon after harvest, shows a similar distribution ( Figure 4E ). In the human heart, the skeletal/cardiac The serum from inoculated rabbits was affinity purified against the full-length protein. This antibody detects the MLCK fragment matching the 74 kDa expressed human MLCK is observed along with two larger fragments of expressed human MLCK and the corresponding fragment in Western blots of human and mouse heart or 98 and 120 kDa ( Figure 4E ). These larger fragments may represent additional crossreacting proteins, alternaskeletal muscle. Immunofluorescent studies on freshfrozen samples were also performed. tively spliced isoforms, and/or posttranslational modifications of the 74 kDa fragment. The 98 kDa fragment is The MLCK antibody against human skeletal/cardiac myosin lightchain kinase was initially characterized by consistently of greatest intensity in human apical samples. This may be the source of increased levels of RLCP staining serial fresh-frozen sections of normal human quadriceps tissue. Alternate serial sections probed with at the apex. huRLCP or anti-MLCK show costaining ( Figures 4A 1 and  4A 2 ) . Similar findings are seen in rabbit skeletal muscle A Mutant Human Skeletal/Cardiac RLC Kinase with Abnormal Kinetics using the same anti-MLCK antibody paired with the muRLCP antibody ( Figures 4C 3 and 4C 4 ) .
We reasoned that since mutations in the RLC substrate of the kinase cause cardiac hypertrophy, MLCK mutaIn order to evaluate the presence and distribution of skeletal/cardiac MLCK in a normal heart, mouse hearts tions might also be found in a population of patients with cardiac hypertrophy. were flash frozen in cooled isopentane immediately following sacrifice. Serial 20 m thick longitudinal and Intron-exon boundaries established during the cloning were used to generate intron-based primer pairs for transverse slices from the apex through the midventricular region were prepared. Samples from a series of nor-PCR amplification for all 12 exons. The MLCK genes from 490 unrelated patients with cardiac hypertrophy mal mice were probed with anti-MLCK antibodies. Immunofluorescent staining consistently showed an increased and 189 normal controls were screened. A portion of the gene from 500 coronary artery disease patients was intensity in the apical cross-sections compared to the midventricular regions ( Figures 4B 1 and 4B 2 ) . Adjacent also screened. Single strand conformation polymorphism (SSCP) deserial sections show the correlation with RLCP signals the mutant MLCK may be functionally abnormal, and may consequently stimulate cardiac hypertrophy. High-resolution torsion measurements with metaDENSE showed 50%-70% increase in normalized torsion from the epicardial to endocardial border (H.W., unpublished tection on gels was used for screening. Although a numdata). Figure 6B is a color-coded distribution of the rotation ber of polymorphisms (to be published in a separate of the myocardial wall around the left ventricle (LV) center article) were observed, only a single mutation was identiin a slice of the LV perpendicular to its long axis, about fied. This is a double point mutation inherited on the one-fourth the LV length from the apex. This distribution maternal haplotype by a 13-year-old white male proband is derived from a set of metaDENSE images that encode with early midventricular hypertrophic cardiomyopathy. the wall motion over the entire systolic period. The blue The MLCK mutations are A87V and A95E. The proband color indicates that the overall rotation is in the leftalso inherited an E743D ␤-myosin mutation from his father.
Enzyme Kinetics of the Mutant MLCK
handed counter-helical direction of the epicardial fibers. Although the son had significant disease at an early age, The endocardium is darker in color than the epicardium, the father and mother came to medical attention only indicating an increase in the angle of rotation from the after the diagnosis of the son. 
Changes in Papillary Muscle Anatomy
leads to the closing of the interventricular valves. This in turn stretches the already activated papillary muscles and Movement during Systole Viewed with Cardiac Cine-MRI by their valvular attachments, the chordae tendineae ( Figure 6A ). In order to study the human cardiac papillary muscles, "cine-MRI" with 50 ms resolution was used to follow their movement throughout systole (Zur et al., 1990) . Discussion The papillary muscles are among the earliest portions of the ventricle to be electrically stimulated (Rushmer, This report provides evidence for the existence of a spatial gradient of myosin RLC phosphorylation in the 1956). A series of five frames (Figure 6A ), beginning in cardiac systole, shows that despite the signal to conheart. We also describe specific changes in the contractile mechanism of slow muscle fibers powered by cartract, the papillary muscles are stretched early in systole while other portions of the ventricle are contracting. The diac ␤-myosin that occur upon RLC phosphorylation. The differential pattern of phosphorylation and the conmechanism, apparent in the five frames, involves the increasing intraventricular pressure in early systole that comitant variation in the mechanical properties of the fibers help explain the details of cardiac contraction that crease in the size of the stretch activation peak, a change equivalent to 7% of fiber isometric tension. are observed with MRI imaging presented here. These
We previously observed that an ELC mutation caused findings also help explain why some patients with mutathe rate of the papillary muscle stretch activation retions surrounding the phosphorylatable serine of the sponse to become too fast to be matched with the mu-RLC have the same rare cardiac phenotype as patients rine physiologic heart rate (Vemuri et al., 1999) . Consewith a distorted stretch activation response associated quently, work produced by this response cannot be used with a mutant ELC. In order to further investigate the to increase oscillatory power in the portions of the mueffects of RLC phosphorylation in the heart, we have tant heart that would otherwise be able to take advanalso cloned an MLCK from human heart. This MLCK is tage of this property. Here it is shown that RLC phosidentical to skeletal muscle light chain kinase. Evidence phorylation leaves the rate unchanged but drops the that it is active in the heart comes from two findings.
amplitude of the stretch activation response signifiFirst, we demonstrated that spatial gradients of the cantly. This is the possible benefit of maintaining the MLCK protein correspond to the pattern of RLC phospapillary muscles and endocardium of normal heart in phorylation. Second, we have identified a gain-in-funca state of hypophosphorylation, thereby increasing the tion mutation in the enzyme found in both a mother and relative amplitude of the stretch activation response in a son with cardiac hypertrophy. these parts of the heart. For these reasons, mutations in either light chain burden the papillary muscles and Myosin RLC Phosphorylation Varies from Fiber adjacent endocardium by distorting the stretch activato Fiber in Skeletal and Cardiac Muscle tion response (either rate or amplitude), leading to a across Species compensatory hypertrophy of these regions. The norWe have generated two polyclonal antibodies that recmally high level of RLC phosphorylation at the cardiac ognize the phosphorylated RLC in human, mouse, and apex could also explain why the apex is not hypertrorabbit cardiac and skeletal muscle. The studies on skelephied in hearts of patients with mutations in either light tal muscle from these three species serve as a control chain. That is, the normally hyperphosphorylated apex for our studies of RLC phosphorylation in the heart. has a diminished stretch activation response and the Beyond the gradient from the outside to the inside of distortion of this response by mutations in either light the heart, we have also observed a gradient from apex chain is of less consequence to the mechanics of this to the midcardiac region. Within the regions of high part of the heart. levels of phosphorylation, we also observe a patchy
The utility of the stretch activation response is apparpattern of staining that respects fiber boundaries. Thus, ent from observing the action of papillary muscles in RLC phosphorylation levels of tissue homogenates unsystole ( Figure 6A ). The papillary muscles tether the interderestimate the high levels and overestimate the low ventricular valves that prevent the backflow of blood levels of individual fiber RLC phosphorylation. This findduring cardiac systole. In addition, they also support ing supports the relevance of our studies using fully cardiac torsion by aiding the long-axis shortening of the phosphorylated slow muscle fibers.
heart (Rushmer, 1956). Their surgical compromise leads to decreased torsion (Moon et al., 1996) and a low output syndrome (Lillehei et al., 1964). Papillary muscles are Biophysical and Physiologic Consequences the first to be innervated but must continue to contract of RLC Phosphorylation throughout systole. The delayed pulse of tension, initiRabbit slow skeletal muscle fibers express cardiac ated by stretching the activated papillary muscles, is ␤-myosin. Data obtained from these fibers is thus didelivered at the end of systole when tension production rectly relevant to cardiac myosin function, but avoids a by these muscles would otherwise be diminishing. The number of problems associated with mechanical studies stretch activation response would not be of physiologic in cardiac muscle preparations.
importance if its timing did not match heart rate, but in RLC phosphorylation causes a very large 2.5-fold infact, the rate constant of the stretch activation response crease in fiber tension from 22% to 56% of the maximal of rabbit slow muscle fibers is commensurate with the Ca 2ϩ activated tension of these slow muscle fibers (J.D. physiologic rate of the rabbit heart (Steiger, 1977; J.D. et al., submitted). This is one of the largest phosphorylaet al., submitted). This allows for the stretch-induced tion-induced tension increases ever recorded. Since the tension to be added to the force of contraction at the contracting heart functions at, and below, half-maxiend of systole, much in the same way as a push to a mum Ca 2ϩ activation, RLC phosphorylation has the poswinging object must be applied at the proper time if tential to modulate cardiac contraction from low tenoscillatory power is to be increased. sions to full power at a fixed concentration of Ca 2ϩ .
On the other hand, the dramatic increase in slow musRecent small 0.1% step-stretch L-jump experiments cle fiber tension produced by increased RLC phosphoryshow the consequence that RLC phosphorylation has lation of the epicardial fibers enables the hyperphosphon the kinetics of contraction (J.D. et al., submitted). orylated epicardial fibers to dominate the right-handed These kinetic studies demonstrate that the stretch actihelical twist of the endocardial fibers during the producvation response (Huxley-Simmons phase 3) is uniquely tion of torsion. It may also be that the shearing forces affected by RLC phosphorylation. In the large perturbathat must arise from the counterhelicity of the epicardial tion experiments shown here, phosphorylation-induced and endocardial fibers is minimized by the shape of the changes in the kinetic amplitudes scale in proportion to stretch activation transient. Because stretching hypothe size of the stretch applied to the fiber. In 0.8% stepphosphorylated fibers triggers an exaggerated drop in tension, the counterhelical force imposed by the hyperstretch experiments, phosphorylation causes a 41% de-phosphorylated epicardial fibers on the hypophosphorof the myosin neck. Although a sample of two is too small for statistical significance, our ongoing studies on ylated endocardial fibers may produce a reduction in tension of the endocardial fibers. In this way, the shear individuals with alleles of the MLCK gene should provide the numbers of individuals needed for such a study. between epicardial and endocardial fibers would be diminished, producing a corresponding drop in energy/ oxygen requirements. This model provides a rationale Conclusions The work presented here is an example of how variations for the evolutionary conservation of counterhelically oriented fibers in the endocardium and epicardium of verat a molecular level can be projected through cellular organization to the level of global cardiac function. We have: tebrate hearts. It may also contribute to the faster angular velocity of the endocardial fibers as they drop their
(1) demonstrated a gradient of myosin RLC phosphorylation across the heart, (2) identified a kinase contributresistance following a stretch ( Figure 6B ). In this context, the stretch activation response can also be thought of as ing to the gradient, (3) demonstrated the biophysical consequences of this phosphorylation, and (4) suggested a mechanism to return, with an appropriate time delay, some of the tension that is lost in the hypophosphoryhow the gradient of phosphorylation can facilitate an overall pattern of cardiac contraction viewed with MRI lated papillary muscles and endocardium.
imaging.
The Cloning of a Cardiac MLCK Experimental Procedures
If, in fact, RLC phosphorylation has the important cardiac function presented here, we reasoned that there 
